Abstract The main cause of death in colorectal carcinoma (CRC) patients is tumor metastasis; however, the underlying molecular mechanisms are largely unknown. In the present study, a novel metastasis-related gene, fibrinogen-like protein 2 (FGL2), was characterized for its role in CRC metastasis and underlying molecular mechanisms. The clinical significance of FGL2 was investigated using tissue microarray analysis of samples from 82 patients with CRC. The molecular effects of FGL2 in CRC cells were determined using RNA interference and ectopic expression of FGL2. The overexpression of FGL2 was examined by immunohistochemistry in 82 CRC patients, and it was determined to be an independent predictor of overall survival (P \ 0.05). The depletion of FGL2 expression inhibited tumor progression and epithelial-to-mesenchymal transition (EMT) in vitro and in vivo, while ectopic overexpression of FGL2 enhanced cell invasion and induced EMT in vitro. Our results suggest that FGL2 plays an important oncogenic role in CRC aggressiveness by inducing EMT, and FGL2 could be employed as a novel prognostic marker and effective therapeutic target for CRC.
Introduction
Colorectal carcinoma (CRC) is one of the most malignant cancers worldwide [1] , and its poor prognosis is mainly due to metastasis with newly diagnosed [2, 3] . The main cause of death in CRC patients is tumor metastasis; however, the underlying molecular mechanisms for the development of metastasis are still not fully understood [4] [5] [6] [7] [8] .
Fibrinogen-like protein 2 (FGL2), also known as fibroleukin, is a glycoprotein that belongs to the fibrinogenrelated superfamily of proteins which are involved in cell adhesion, coagulation, and migration [9, 10] . It has been identified as a novel effector molecule of Treg cells and plays a critical role in regulating both innate immunity and adaptive immunity [11] . Several studies have shown that FGL2 contributes to the pathogenesis of a number of infectious diseases including severe acute respiratory syndrome (SARS), HBV and HCV infection, mouse hepatitis virus strain 3 infection (MHV-3), and HIV infection [12] [13] [14] [15] . However, little is known about its biological functions in cancer development and metastasis until now. Previous work from Qin Ning's group demonstrated that FGL2 could contribute to HCC growth and angiogenesis in a thrombin-dependent manner, and it might be a potential therapeutic target in HCC [16] . The biological functions of FGL2 in CRC metastasis and the exact mechanism of how FGL2 exerts its function are still unclear.
In our present study, we report that overexpression of FGL2 in CRC is important in the acquisition of a poor prognostic phenotype. Knockdown of FGL2 in CRC cells inhibits cell invasion, whereas overexpression of FGL2 is sufficient to promote CRC cell invasive and metastatic capacity both in vitro and in vivo. Our study also revealed key functions of FGL2 in promoting epithelial-tomesenchymal transition (EMT) of CRC cells, which may hold implications in metastasis of CRC.
Materials and methods

Immunohistochemistry analysis on tissue microarrays
Tissue microarrays (TMA) were constructed using formalinfixed, paraffin-embedded tissue samples. Tumor samples were collected from 82 patients with colorectal cancer and preserved at Zhongshan Hospital, Fudan University, Shanghai, China. No patient received any other therapy before surgery. The tumor stage was determined according to the 2010 American Joint Committee on Cancer and International Union against cancer tumor-node-metastasis (TNM) classification system. All tumor samples were acquired at the time of operation, fixed with paraformaldehyde (4 %). Immunohistochemical stains were performed as previously described [17] . Overall survival (OS) was defined as the intervals between the dates of surgery and death. Patients without death were censored at the last follow-up. Detailed clinicopathological characteristics of the patients are given in Table 1 . Ethical approval was obtained from the research ethics committee of Zhongshan Hospital, and written informed consent was obtained from each patient.
Immunohistochemistry was conducted with the specific primary antihuman antibodies against FGL2 (1:50, Cell Signaling Technology). FGL2 staining in TMAs was evaluated at 2009 magnification using light microscopy by two investigators blinded to the clinicopathologic data of the patients. For the expression intensity of FGL2, the integrated absorbance and the area in each 1-mm-diameter cylinder were measured using Image-Pro Plus version 6.0 software (Media Cybernetics, Inc.). A uniform setting of color segmentation was loaded for counting the integrated absorbance of all the pictures, and the mean FGL2 density was calculated as the product of the integrated absorbance/ total area.
Cell culture
Three CRC cell lines (HT29, SW620, and LOVO) were obtained from American Type Culture Collection (Manassas, VA, USA) and cultured in our study. The cells were cultured as recommended by the manufacturer in DMEM supplemented with 10 % fetal bovine serum.
Gene constructs, lentivirus production, and transfection The FGL2-RNA interference (RNAi) lentiviral vector was constructed by GeneChem Co., Ltd (Shanghai, China). Three double-stranded oligonucleotides specifically targeted to FGL2 mRNA were annealed and inserted into the shRNA expression vector pGCSIL-GFP. The cDNA encoding FGL2 was amplified by reverse transcription polymerase chain reaction (RT-PCR) and cloned into pGC-FU-GFP vector. The lentivirus was generated and harvested as described previously [18] .
Quantitative real-time PCR Real-time PCR analyses were performed as previously described [19] . In brief, the cells were harvested and total RNA was extracted with Trizol reagent (Invitrogen) according to the manufacturer's protocol. Total RNA was reverse transcribed with RevertAid TM first-strand cDNA synthesis kit (Fermentas). FGL2 mRNA levels were determined by qPCR using SYBR Premix Ex Taq (TaKaRa, Dalian, China) and normalized to GAPDH. Western blot
Western blot analysis was performed as previously reported [20] . Briefly, total cell lysates were prepared, and proteins were separated by SDS-PAGE, followed by transfer to polyvinylidene difluoride membrane. The membranes were washed, blocked, and incubated with the specific primary antihuman antibodies against FGL2 (1:1,000, Cell Signaling Technology) or GAPDH (1:5,000, Cell Signaling Technology), followed by incubation with horseradish peroxidase-conjugated secondary antibodies. Proteins were detected by enhanced chemiluminescence assay (Pierce-Thermo Scientific).
CCK8 assay
CCK8 assay was performed to determine the effect of FGL2 on cell proliferation. In brief, 1 9 10 3 cells were seeded in 96-well culture plates. At the time of 24, 48, 72, and 96 h, the cells were incubated with CCK8 reagent for 2 h at 37°C. The staining intensity in the medium was measured by the absorbance at 450 nm.
Immunocytochemistry
Cells were grown on glass coverslips. After an attachment period of 24 h, cells were fixed in 4 % formaldehyde at room temperature for 30 min and permeabilized with 0.1 % Triton-X in PBS for 10 min and blocked with 10 % goat serum in PBS for 1 h. Cells were then blocked for nonspecific binding with 5 % milk in PBS and Tween-20 (PBST) overnight and incubated with E-Cad or N-Cad antibody at 37°C for 1 h and then incubated with Alexa Fluor 488 goat anti-rabbit IgG (1:500, Invitrogen) at 37°C for 1 h. Immunofluorescence images were acquired on a fluorescence microscope.
Flow cytometry analysis
Cells plated on 20-cm 2 tissue culture flasks were collected and fixed in 70 % cold ethanol for 1 h. Then, the cells were resuspended in a hypotonic propidium iodide (PI) solution containing RNase. Flow cytometry was performed with the use of Coulter epic flow cytometer. DNA histograms were analyzed using Modfit computer program. The percentage of apoptotic cells in the sub-G1 fraction was calculated.
Xenograft model
Mice were manipulated and housed according to the protocols approved by the Shanghai Medical Experimental Animal Care Commission. For the in vivo assays, SW620 cells (1 9 10 7 ) stably silencing of FGL2 expression or relative mock cells were suspended in 100-ll serum-free DMEM and subcutaneously injected into the upper flank of each mouse (six per group, male BALB/c-nu/nu, 8 weeks old). Tumor growth was monitored each week. Then, the mice were killed on day 25 after cell injection. At necropsy, tumor was measured for largest (a) and smallest (b) diameters, and the tumor volume was calculated as V = a 9 b 2 /2. The metastasis assay in vivo was performed as previously described. For intravenous injection, mice were placed in a restrainer, and SW620 cells (1 9 10 6 cells in 100 ll PBS) were injected through the tail vein using a 1-ml syringe. Then, the mice were killed on day 28 after cell injection. The lungs were excised and embedded with paraffin. Lung metastasis was determined by examining serial sections of every lung tissue block by microscopy.
Statistical analysis
Statistical analysis was performed with SPSS 15.0 for Windows (SPSS, Chicago, IL, USA). Student's t test, Fisher's exact test, and v 2 test were used as appropriate. The optimal cutoff for dichotomizing FGL2 expression data was determined using X-tile 3.6.1 software (Yale University of New Haven) [21] . The cumulative survival rates were performed by the Kaplan-Meier method (logrank test). Two-tailed P \ 0.05 was considered statistically significant.
Results
Immunohistochemical staining of FGL2 expression in colorectal tissues and its correlation with CRC patients' survival To investigate the expression status of FGL2 in CRC, we conducted immunohistochemical staining for FGL2 on a CRC TMA containing 82 pairs of CRC specimens and corresponding normal colorectal mucosal tissues. It showed that FGL2 expression was significantly increased in CRC specimens, compared with corresponding normal colorectal mucosal tissues (Fig. 1a, b) .
We further investigated the prognostic value of FGL2 in TMA. The density of intratumoral FGL2 significantly correlated with tumor size and TNM stage (P = 0.010 and P = 0.001, respectively; Table 1 ). Kaplan-Meier analysis showed that the mean overall survival time for patients with overexpression of FGL2 was 40.24 months compared with 50.79 months for patients with lower expression of FGL2 (P = 0.033, log-rank test, Fig. 1c ).
The expression levels of FGL2 influenced cell proliferation and invasion
To investigate the impact of FGL2 on CRC cell proliferation and invasion, we employed lentivirus-mediated shRNA to knockdown the expression of FGL2 in SW620 and LOVO cells. According to real-time PCR and Western blot analyses, the endogenous FGL2 was efficiently knockdown after silencing FGL2 with three different shRNAs ( Fig. 2a-d) . ShRNA-1 was chosen for further study. shRNA-mediated suppression of FGL2 in SW620 and LOVO cells indicated a significant inhibitive effect on cell proliferation from CCK8 assays (Fig. 2e, f) . Silencing of FGL2 expression in SW620 and LOVO cells did not influence cell viability from flow cytometry analysis (Fig. 2g, h ). However, knockdown of FGL2 caused an obvious suppression of cell invasive in both LOVO and SW480 cell lines using matrigel invasion assays.
To determine whether ectopic overexpression of FGL2 could influence cell function of CRC cells, we constructed a HT29-FGL2 cell line, which overexpressed FGL2. Overexpression of FGL2 in HT29 cells was determined by real-time PCR and Western blot analyses (Fig. 3a, b) . Overexpression of FGL2 cells had a significant effect on cell proliferation (Fig. 3c) . However, ectopically expressed FGL2 in HT29 cells did not show an effect on cell viability through flow cytometry analysis (Fig. 3d) . The matrigel invasion assay showed that HT29-FGL2 cells had significantly increased invasive capacity, compared with control cells (P \ 0.05, Fig. 3e, f) . Collectively, these results provide evidence that elevated expression levels of FGL2 are important for the aggressive phenotype of CRC cells.
The expression levels of FGL2 influenced EMT of CRC cell line
Given that upregulated FGL2 correlated with enhanced cell invasive abilities of CRC cells, we next examined the EMT as an underlying mechanism. In our study, after the silence of FGL2 in SW620 and LOVO cells, the level of the epithelial marker E-cadherin was upregulated, while the level of the mesenchymal marker N-cadherin downregulated (Fig. 4b, c) . In addition, we obtained similar results from immunofluorescence staining. Membranous expression of E-cadherin increased in sh-FGL2-treated cells. Immunofluorescence staining also confirmed decreased expression of the mesenchymal markers N-cadherin in sh-FGL2-treated cells (Fig. 4e, f) . On the other hand, we observed that after ectopic overexpression of FGL2 in HT29 cells, the expression of E-cadherin decreased, whereas the expression of N-cadherin increased, as evidenced by both Western blotting (Fig. 4a) and immunofluorescence staining assays (Fig. 4d) . These results indicated that the expression levels of FGL2 influence EMT of CRC cells in vitro.
FGL2 promotes CRC progression and metastasis in vivo
To investigate the role of FGL2 expression on cell proliferation in vivo, SW620 cells (1 9 10 7 ) stably silencing of FGL2 expression or relative mock cells were suspended in 100-ll serum-free DMEM and subcutaneously injected into the upper flank of each mouse. Comparison of tumors in the FGL2 shRNA group and mock group is shown in Fig. 5a -c. The tumor volume in the control group was significantly greater than those in the FGL2 shRNA group (P \ 0.01).
The number of lung metastatic nodules was significantly higher in mice injected with SW620 cells than those in mice injected with FGL2-shRNA SW620 cells (P \ 0.01). Additionally, most of the metastatic foci of the FGL2 shRNA group were grade I, whereas a large number of metastatic foci in the control group were grades III and IV (Fig. 5d, e) .
Discussion
FGL2 is a 439 amino acid-secreted protein which is similar to the b-and c-chains of fibrinogen. The carboxyl-terminus of the encoded protein consists of the fibrinogen-related domains (FRED) [9, 10] . FGL2 is a protein which has pleiotropic effects within the body and is a crucial immune regulator of adaptive and innate responses [22, 23] . The protein exists as a type II transmembrane protein found on the surface of endothelial cells and macrophages [11] . A previous study showed that FGL2 was upregulated in a (g, h) . i, j ShRNA-mediated suppression of FGL2 mediated significant reduction in cell invasive ability in SW620 and LOVO cells number of human malignant tumor tissues, such as colon, breast, lung, gastric, esophageal, and cervical cancers [24] . However, little is known about its biological functions in cancer development and metastasis until now.
In the present study, the protein expression of FGL2 was first examined in a series of carcinomatous and non-neoplastic human colorectal tissues. The expression of FGL2 was examined by immunohistochemistry, using a CRC TMA. Our results indicated that FGL2 was frequently overexpressed in CRC tissues. Importantly, we further found that the overexpression of FGL2 in CRC was an independent predictor of overall survival. These findings underscore a potentially important role of FGL2 as an underlying biological mechanism in the progression of CRC.
A series of experiments were then performed to determine the role of FGL2 in CRC cell proliferation and invasion. Our results showed that shRNA-mediated gene suppression of FGL2 in SW620 and LOVO cells induced marked reductions on cell proliferation and invasion. In addition, ectopic expression of FGL2 in HT29 increased cell invasive abilities. Furthermore, using a xenograft model, we found that knockdown of FGL2 in SW620 cell line significantly inhibited its metastatic potential in vivo.
All these results indicated that FGL2 played a critical role in CRC metastasis.
Recently, previous study demonstrated that FGL2 could contribute to HCC growth and angiogenesis in a thrombindependent manner, and it might be a potential therapeutic target in HCC [16] . However, the biological functions of FGL2 in CRC metastasis and the exact mechanism of how FGL2 exerts its function are still unclear. One novel finding in our study is that FGL2 was closely associated with EMT in CRC. The EMT is a process that epithelial cells lose their cell polarity and cell-cell adhesion and gain migratory and invasive properties to become mesenchymal stem cells. A lot of previous study found that initiation of metastasis requires invasion, which is enabled by EMT [25, 26] . We found FGL2 knockdown caused a significant regression of EMT features, where a gain in the expression of epithelial marker E-cadherin and a loss in the expression of mesenchymal marker N-cadherin were observed. In FGL2-overexpressed HT29 cells, increased expression of mesenchymal marker (N-cadherin) concurred with the enhanced invasive ability. In a tail vein injection mouse model of cancer metastasis, overexpression of FGL2 led to a significant increase in the number of lesions of lung metastasis. Since EMT plays a critical role in CRC In summary, our study describes the expression pattern of FGL2 in human CRC and the overexpression of FGL2 may be important in the acquisition of a poor prognostic phenotype of the tumor. Furthermore, functional studies of FGL2, as provided in this report, suggest a critical role of FGL2 in the control of cell invasion and EMT. 
